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Abstract 
Compared to mechanical machining, EDM can achieve high dimensional accuracy. But its thermal nature causes 
great concerns regarding surface integrity. With the newest generators, thermal damage could be minimized through 
main and trim cut strategies in wire-EDM. However, the evolution of surface integrity is not clear yet. In this study, 
tool steel ASP2023 was machined and surface integrity including surface finish, microstructure, microhardness, 
residual stress and element distribution was comprehensively compared. Average surface finish Ra of 0.1 µm and 0.2 
µm for CH- and water-based dielectrics is achieved. White layer, characterized by the top porous structure and 
bottom solid recast, was minimized. Visibly clean cut surfaces with less than 0.3 µm rim zone were observed under 
high resolution SEM. CH-based EDM produced much lower tensile residual stress than water-based EDM. 
© 2012 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Prof. E. Brinksmeier 
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1. Introduction 
Since EDM is a thermal dominant process [1], the very high temperature up to 40,000 K has 
significant impact on the process-induced surface integrity including surface topography, microstructure 
change, residual stress, microhardness and element distributions. The heat affected zone (HAZ) with a 
white layer is often associated with high tensile residual stress, microcracks, porosity, grain growth, and 
alloying from the tool electrode or dielectric fluid. A recent study claims that wire EDM is the most 
detrimental to surface integrity compared to hard turning and grinding [2]. However, it is not necessarily 
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true since the degree of thermal damage depend on not only process conditions but also EDM generators. 
Thermal damage in main cut can be removed or minimized by subsequent multiple trim cuts at reduced 
discharge energy. With the development of low energy generators and EDM strategy, thermal damage by 
EDM may be minimized. In spite of the efforts to develop new EDM technologies with reduced discharge 
energy, the evolution of surface integrity from main cut, rough trim cut to finish trim cut has been poorly 
understood. This study aims to address this issue in EDM of powder metallurgy ASP 2023 tool steel by 
comprehensively comparing surface integrity of main cut and multiple trim cuts. 
2. Background on Surface Integrity by EDM 
Regarding surface finish it has been shown that commercial state-of-the-art wire-EDM with minimum 
damage generator technology produced an average Ra of around 3-4 µm for example during main cutting 
Ti-6Al-4V and Inconel 718 [3]. The subsequent four trim cuts reduced the average roughness to 0.21 µm 
for both alloys. In addition, a certain degree of directionality on the surface was also measured as a result 
of wire deflection and vibration. Many studies [4-7] have reported that microcracks starting in the white 
(recast) layer were shown to develop towards to the bulk materials in EDM of many different engineering 
materials due to high tensile stress induced by repaid quenching. White layers by main cuts are 
predominantly discontinuous and non-uniform. The average thickness of a white layer produced with 
newest generator technology is about 11 µm for Ti-6Al-4V surfaces, while it is only 6 µm for Inconel 718 
surfaces [3]. In finish trim cutting, an apparent white layer was not observed for both EDMed surfaces. 
Columnar, dendritic structures were found in the white layer machined in an oil dielectric due to the very 
rapid re-solidification of the molten material [4]. In addition, retained austenite was detected in the white 
layer [5] of EDMed martensitic steels. The thermal nature of an EDM process generates high tensile 
residual stresses on the machined surface and in the subsurface. These stresses may distort machined thin 
structures such as thin fins reported by [8-10]. The reported microhardness of white layer by EDM is not 
consistent. For example, significant increase of microhardness was measured on steel surfaces [11]. No 
significant change of microhardness was measured in the subsurface for both surfaces with and free of a 
white layer in EDM of Ti-6Al-4V and Inconel 718 [3]. The extremely high temperatures are also 
expected to cause complex chemical reactions between work and tool material, and the dielectric fluid. It 
is shown for example that CH-dielectric increases the carbon content in the white layer [4]. 
3. Experimental Set-up 
Experiments were conducted with two state-of-art wire-EDM machines using CH- (oil) and water-
based dielectrics and a standard 250 µm brass wire. High speed powder metallurgical tool steel ASP2023 
(Tab. 1) is characterized by an excellent combination of wear resistance, toughness, dimensional stability 
and temper resistance. The material was hardened to 62±1 HRC (height 10 mm) and machined (3 repeats) 
using an appropriate sequence of main and subsequent trim cuts at reduced discharge energy according to 
the standard machining technologies provided by the machine tool manufacturer. As the machine 
generators are individually optimized for the different fluids no direct comparison is possible. In CH-
based dielectric, one main cut was followed by 9 subsequent trim cuts and in water by 6 cuts.  
Table 1. Chemical Composition of powder metallurgical tool steel ASP 2023 
Chemical element Fe C Cr Mo W V 
Amount (%) 80.0 1.3 4.2 5.0 6.4 3.1 
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4. Results and Discussions 
Fig. 1 shows the surface topography characteristics of the EDMed samples in the two different 
dielectrics. The EDMed surface by main cut in oil shows “coral reef” microstructures. The spherical 
debris may be re-solidified from the vaporized material or splashed molten material by rapid oil 
quenching. The bulk surface should be re-solidified molten metal. Unlike many EDMed surfaces in 
literature, microcracks cannot be seen on the surface at high magnification SEM images. 1st trim cut 
significantly reduces the number of spherical debris but the top surface is still formed by the re-solidified 
molten metal. 9th trim cut produces an isotropic surface with regularly distributed craters (~5 µm). 
Similar phenomena were observed for the EDMed surface in water dielectric. However, very little 
spherical debris and more coral reef microstructures can be seen in the 1st trim cut, which could be 
attributed to the higher quenching rate in water than in oil. Compared to the EDMed surface in oil, water 
dielectric produces more porosity and slightly larger craters (~6 µm) in finish trim cut. 
CH-based dielectric: (a) main cut; (b) 1st trim cut; (c) finish cut Water-based dielectric: (d) main cut; (e) 1st trim cut; (f) finish cut
(a) (b) (c) (d) (e) (f)
20 µm20 µm20 µm20 µm20 µm20 µm
Fig 1. Surface topography characteristics (left: oil-based dielectric; right: water-based dielectric) 
Roughness of the surfaces, Fig. 2, was measured along the directions parallel and perpendicular to the 
wire with a tactile measurement system (3 repeats). The equivalent roughness in both directions indicates 
that surface directionality is negligible. Compared to the main cut, average roughness is significantly 
reduced by rough trim cut in oil, while it only slightly reduced in water. Finish trim cut produces very 
smooth surfaces in both dielectrics. However, the surface in oil is much smoother. The difference could 
be induced by the different level of discharge energy and/or the quenching rate of the dielectrics. 
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Fig 2. Comparison of surface roughness (left: oil-based dielectric; right: water-based dielectric) 
The subsurface microstructures are shown in Fig. 3. The highly non-uniform white layers produced in 
main cuts in oil and water are characterized by a two-layer structure: a thick top porous layer and a thin 
solid layer at the bottom. The water dielectric produces more porosity in the white layer than that in oil. 
The porous white layer may be formed by the gas bubbles produced during EDM, while the solid white 
layer is a re-solidified material from the molten metal. The white layers by main cuts are thick and vary a 
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lot in thickness (3 – 24 µm). Some inclusions are also seen in the top porous microstructures. In contrast, 
white layers produced by the rough trim cuts are thinner, more continuous and less thickness variation. 
The significantly reduced porosity is another characteristic due to the less discharge energy. For the finish 
trim cuts in both dielectrics, an apparent white layer cannot be observed on the SEM image at ×1000 
magnification. A high resolution (×10000) SEM has to be used to observe the possible thermal damage in 
the rim zone. A very thin (0.2-0.5 µm) white layer occurred in the rim zone. The white layer thickness by 
oil is still slightly thinner than that by water due to its fast quenching rate in re-solidification. 
20 µm 20 µm
20 µm 20 µm
2 µm 2 µm
(a) Main cut/oil (b) Main cut/water
Porous WL Solid WL Porous WL Solid WL
(c) Rough trim cut/oil (d) Rough trim cut/water
(e) Finish trim cut/oil (f) Finish trim cut/water
Thin white layer
Ag layer/epoxy
Thin white layer
Fig 3. Comparison of microstructure (left: oil-based dielectric; right: water-based dielectric) 
The X-ray measured residual stress profiles in the subsurface can be seen in Fig. 4. It is clear that high 
tensile residual stresses with close profile patterns and magnitudes for both directions were produced in 
main cut, rough trim cut and finish trim cut in oil and water dielectrics. The residual stresses in the 
directions parallel and perpendicular to the wire are almost identical. It should be pointed out that the first 
three measurements of residual stress on the main cut surfaces may be not reliable due to the significant 
influence of high roughness. The vaporized and/or molten materials were quickly quenched and re-
solidified in the dielectrics. Since the re-solidified materials tends to shrink on the top surface, while the 
bulk material underneath will constraint the shrinkage and therefore produces high tensile residual 
stresses in the heat affected zone (HAZ). The HAZ zone can be measured by the depth of tensile residual 
stress in the subsurface. The thickness of HAZ zone in main cut, rough trim cut and finish trim cut in oil 
is 30 µm, 20 µm, and 5 µm, respectively. For the water dielectric, the HAZ thickness is 27 µm, 17 µm, 
and 7 µm, respectively. It is clear that finish trim cut is essential to reduce the depth of HAZ. The slight 
shallower HAZ zone by finish trim cut in oil dielectric is caused by its lower quenching rate than water. 
However, the high quenching rate of water produces much higher tensile residual stresses in main cuts 
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and finish trim cuts than those in oil, but still much lower than the material yield strength of 1840 MPa. 
Form the point of review of residual stress, oil is therefore a better dielectric than water. 
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Fig 4. Comparison of residual stresses (left: oil-based dielectric; right: water-based dielectric) 
A comparison of microhardness for the polished surface and finish trim cut surfaces in oil and water is 
shown in Fig. 5. Twenty measurements were performed on each type of surface. For shallow indentation 
of 0.5 µm, the polished surface has highest microhardness, a lower microhardness occurred for the trim 
cut surface in oil, the trim cut surface in water has the lowest microhardness. Since the thickness of white 
layer in Fig. 3 is equivalent for the trim cut surfaces in oil and water, the different residual stress in Fig. 4 
should contribute to the microhardness difference. The much higher tensile residual stress on the EDMed 
surface in water vs. oil allows the indenter penetrating into the surface easily, which produces a larger 
indentation and therefore shows the lowest microhardness. In comparison, polishing produces 
compressive residual stress and makes the slightly higher microhardness. At the relative large indentation 
of 3.5 µm, the EDMed surface in water still has the lowest microhardness. However, the microhardness 
difference for the three types of surface is very small. The shrinking difference is attributed to the 
diminishing influence of residual stress since the magnitudes of tensile residual stress become small in the 
indentation depth. The variation of microhardness is strongly influenced by surface roughness. As seen in 
Fig. 5, the trim cut surfaces in oil and water have a larger variation than the polished one. The shallow 
indentation would be strongly influenced by the surface roughness. In contrast, surface roughness will 
have much less influence on a large indentation which penetrates into the bulk material. That may explain 
why the measured mcirohardness is close at the large indentation depth. 
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Fig 5. Comparison of surface microhardness (oil-based vs. water-based dielectric) 
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The very high temperatures by plasma heat flux instantly melt and vaporize material during the 
discharge. Complex chemical reactions between workpiece, wire and dielectric are the basic character-
ristics of EDM. EDX is used for element analysis. For main cut in oil areas at the top surface have high 
amounts of Cu and Zn which apparently were alloyed by the wire material via diffusion. Cu element from 
wire can also be seen in the bulk white layer, while the subsurface is clearly free of the alloying effect 
from the wire material. No alloying effect was detected on the surface and in the subsurface by finish trim 
cut. Also for the white layer surfaces by water dielectric, Cu and Zn alloying are apparent on the top 
surface. In contrast to the top white layer surface produced in oil, high amounts O and C are present, 
which suggests that oxidation reaction with water occurred. The enrichment in carbon in water dielectric 
seems to contradict with the previous finding that C enrichment occurred in oil rather than in water [4]. 
However, the difference between the Cu wire electrode in this study and the graphite electrode used may 
contribute to the difference. Slight Cu alloying at points in the rim zone by finish trim cut are still visible. 
5. Conclusions 
A comprehensive comparison on surface integrity evolution from main cut, rough trim cut to finish 
trim cut in CH- and water-based dielectrics in W-EDM of tool steel ASP2023 has been conducted. Clean 
cut surfaces with roughness (~0.1 µm) and very thin rim zone (< 0.3 µm) can be machined using finish 
trim cut. CH-based EDM produced much lower tensile residual stress than water-based EDM. 
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